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Structure and function of mutationally generated monomers
of dimeric phosphoribosylanthranilate isomerase from
Thermotoga maritima
Ralf Thoma1, Michael Hennig2, Reinhard Sterner3 and Kasper Kirschner1*
Background: Oligomeric proteins may have been selected for in
hyperthermophiles because subunit association provides extra stabilization.
Phosphoribosylanthranilate isomerase (PRAI) is monomeric and labile in most
mesophilic microorganisms, but dimeric and stable in the hyperthermophile
Thermotoga maritima (tPRAI). The two subunits of tPRAI are associated
back-to-back and are locked together by a hydrophobic loop. The hypothesis
that dimerization is important for thermostability has been tested by rationally
designing monomeric variants of tPRAI.
Results: The comparison of tPRAI and PRAI from Escherichia coli (ePRAI)
suggested that levelling the nonplanar dimer interface would weaken the
association. The deletion of two residues in the loop loosened the dimer.
Subsequent filling of the adjacent pocket and the exchange of polar for apolar
residues yielded a weakly associating and a nonassociating monomeric variant.
Both variants are as active as the parental dimer but far more thermolabile. The
thermostability of the weakly associating monomer increased significantly with
increasing protein concentration. The X-ray structure of the nonassociating
monomer differed from that of the parental subunit only in the restructured
interface. The orientation of the original subunits was maintained in a crystal
contact between two monomers. 
Conclusions: tPRAI is dimeric for reasons of stability. The clearly separated
responsibilities of the βα loops, which are involved in activity, and the αβ loops,
which are involved in protein stability, has permitted the evolution of dimers
without compromising their activity. The preserved interaction in the crystal
contacts suggests the most likely model for dimer evolution. 
Introduction
The noncovalent assembly of identical monomeric pro-
teins to homo-oligomers creates novel functional oppor-
tunities [1]. In the most simple case of homodimers, the
intersubunit interface can provide additional, shared
binding sites for noncompetitive ligands, mediate con-
formational changes as vehicles for regulatory interac-
tions between the two nonoverlapping active sites [2],
and stabilize the dimer in comparison to the monomer
[3]. In support of the stabilization hypothesis, several
enzymes from hyperthermophilic organisms are higher-
order oligomers than their counterparts in mesophilic
organisms [4,5]. One approach for gaining insight into
the stabilization effects and evolution [6] of protein
dimerization is to create stably folded monomers by
protein engineering [7].
Phosphoribosylanthranilate isomerase (PRAI) catalyzes
the fourth step of tryptophan biosynthesis, in which 
N-(5′-phosphoribosyl)-anthranilate (PRA) is converted to
1-(o-carboxyphenylamino)-1-deoxyribulose 5-phosphate
(CdRP). The enzyme from the hyperthermophile Thermo-
toga maritima (tPRAI) is a dimer of identical (βα)8-barrel
subunits, and is extremely stable towards heat, acidic pH
and proteolytic attack [8]. In contrast to dimeric
triosephosphate isomerase (TIM) [9], the two active sites
of tPRAI are located on opposite ends of the dimer
(Figure 1). Most PRAIs from mesophilic organisms are
monomeric, monofunctional and thermolabile [10,11].
Although PRAI from Escherichia coli is fused to the 
C terminus of indoleglycerol phosphate synthase
(eIGPS–PRAI, [12]), it is as active and stable as the
parental enzyme when engineered to be a monomer
(ePRAI) [13,14]. We used tPRAI to determine the role of
oligomerization in stabilizing a hyperthermostable
homodimer. The present work is based on the superposi-
tion of tPRAI and ePRAI [15], which share a very similar
overall fold. 
Mutagenesis of the ttrpF gene encoding tPRAI generated
monomeric variants that were just as active as the native
subunits in the dimer, but were thermally less stable. The
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kinetic thermostability of one of the variants increased
with increasing protein concentration, thus proving that
dimerization increases the intrinsic thermal stability of
tPRAI monomers. In the crystal structure of one
monomeric variant, a particular crystal contact maintains
the same reciprocal orientation between monomers as in
the parent dimer, thus suggesting how the dimer could
have evolved.
Results and discussion
Production of monomeric variants of tPRAI
The primary goal of this work was to redesign the dimer
interface of tPRAI (Figure 1) to yield nonassociating but
stable monomers. A detailed view of the dimer interface
is presented in Figure 2a. The hydrophobic cluster of
pairs of Met1 and Leu205 residues at the front [15] is
ignored here for the sake of clarity. Residues Pro52 and
Phe53 at the tip of the hydrophobic loop α2β3
(50-LPPFVF-55) of one subunit of tPRAI are inserted
into the interior hydrophobic layers [16] of the β barrel of
the other subunit. Here the residues contact Leu99′ (β5,
the prime (′) designates the residue from the other
subunit) and Tyr153′ (β7) in layer 0, as well as Ala25′
(β2), Ala79′ (β4), Pro122′ (β6) and Ala176′ (β8) in layer 1.
The loop α2β3 is buttressed by four hydrogen bonds
between the guanido group of Arg56 and the four car-
bonyl oxygens of residues Ser47, Leu50, Pro51 and Val54.
As the loop insertion is reciprocated by the twofold sym-
metry axis, it is thought to be important for tightly associ-
ating the subunits of tPRAI.
ePRAI and tPRAI have an amino acid sequence identity
of only 28%, but the backbones can be superposed with a
root mean square (rms) deviation of 1.4 Å for 178 equiva-
lent Cα positions [15], which corresponds to 87% of the
sequence of tPRAI. This superposition was used to simu-
late the putative dimer of ePRAI that is presented in
Figure 2b, in which the two (βα)8 barrels are packed
together in the same orientation and as closely as they are
in tPRAI. The severe steric clashes between the residue
pairs Glu256/Tyr272′ and Gln306/Gln306′ indicate that
such a dimer of ePRAI domains could not possibly exist.
Nevertheless, the comparison of Figure 2a with Figure 2b
indicates how variations in the tPRAI sequence could lead
to a stable monomer. 
The residues corresponding to Pro52 and Phe53 of tPRAI
are missing in the loop α2β3 of ePRAI (Figure 2b).
Deleting residues Pro52 and Phe53 of tPRAI (change
designated ∆ in Figure 1) would shorten loop α2β3 to the
length of the loop found in ePRAI, but would leave an
adjacent hydrophobic pocket in the putative monomeric
variant of tPRAI. We therefore decided to reduce the
unfavourably large hydrophobic accessible surface area at
the contact face of the tPRAI subunit. This was done by
replacing two hydrophobic residues pointing into the
interior of the β barrel (Figure 2a) by the bulkier residues
found at the same positions in ePRAI (Figure 2b):
namely Ala25 (strand β2 in layer 1, defined in [16]) was
replaced by tyrosine (Ala25→Tyr, change designated Y
in Figure 1) and Ile101 (strand β5 in layer 2) by trypto-
phan (Ile101→Trp, change designated W). Moreover,
Phe55 (strand β3 in layer 0) of one tPRAI subunit is close
to the twofold related Phe55′ of the second subunit
(Figure 2a). Because Gln306 is the structurally equiva-
lent residue in ePRAI (Figure 2b), replacing Phe55 by
glutamine (Phe55→Gln, change designated Q) would
decrease these reciprocal hydrophobic interactions, and
replacing Phe55 by glutamate (Phe55→Glu, change des-
ignated E) would introduce electrostatic repulsion
between the negative charges, promoting the dissociation
of dimers even further. To simplify purification of the
major variants Y∆QW and Y∆EW, the solvent-accessible
N terminus of tPRAI was extended by a His-tag
(MGSSHHHHHHSSGLVPRGSHM1...L205; change des-
ignated H–), which can be removed from the purified
protein by the action of trypsin. 
The megaprimer method of Sarkar and Sommer [17] was
used to carry out the site-directed mutagenesis with suit-
able primers. The mutated genes were expressed heterol-
ogously with the T7 system [18] in E. coli strain
BL21(DE3). Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS–PAGE) showed that 50% of the
totally produced protein of ∆, but only 20–30% of
H–Y∆QW and H–Y∆EW, was found in the soluble frac-
tion of the cell homogenates. The His-tagged variants
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Figure 1
Ribbon diagram of the parental tPRAI dimer, viewed down the molecular
twofold axis. The active sites are identified by the bound phosphate ion
(red). The two identical (βα)8-barrel subunits associate  through the
N-terminal faces of their central β barrels. The figure was adapted from
Hennig et al. [15]. The schematic insets represent intermediate steps in
converting the dimer interface of tPRAI, with interdigitating surface loops
and hydrophobic pockets (Figure 2a), to that of the monomeric variant
Y∆QW or Y∆EW (see text, Table 1 and Figure 2c). 
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were purified from the soluble fraction by a heat step, fol-
lowed by immobilized Ni2+-chelate chromatography.
Whenever it was deemed necessary (e.g., before growing
crystals), the His-tag was cleaved from the purified pro-
teins by digestion with trypsin (new N terminus
Gly–3Ser–2His–1Met1...), followed by anion-exchange
chromatography. Proteins lacking a His-tag a priori were
purified from the soluble fraction by a heat step, followed
by anion-exchange chromatography and gel filtration. All
proteins had a purity of >95%.
Functional properties of monomeric tPRAI variants
Table 1 shows that the enzyme kinetic constants of all the
variants of tPRAI are practically identical to those of the
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Figure 2
Comparison of subunit interfaces.
Stereoviews down the twofold symmetry axes;
the same view as in Figure 1, upper subunit
yellow, lower subunit green. Ball-and-stick
representation of important sidechains. Colour
code for atoms: black, carbon; red, oxygen;
cyan, nitrogen. (a) The dimer interface of
tPRAI. Residues Pro52 and Phe53 on loop
α2β3 of one subunit protrude reciprocally into
the interior of the β barrel of the other subunit.
The figure was taken from Hennig et al. [15].
(b) Simulated ‘dimer’ interface of monomeric
ePRAI obtained from structural superposition
with tPRAI. For comparison, two surfaces of
ePRAI corresponding to the interface of
dimeric tPRAI are shown in the same
orientation as in Figure 2a. (c) Crystal
contacts of the monomeric Y∆EW variant of
tPRAI. The orientation is the same as in
Figure 2a. The loop α2β3 was shortened by
two residues, Pro52 and Phe53, Phe55 was
substituted by Glu, and the substitutions
Ala25→Tyr, Ile101→Trp were introduced to
fill the pocket. 
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parental dimer. These observations indicate that the
extensive modifications of the parental sequence at the
N-terminal region of the β barrel are not transmitted to the
active sites (Figures 1,2). They confirm earlier conclusions
regarding the distribution of responsibility between those
loops of PRAI that participate in catalysis and those that
stabilize the protein: αβ loops are involved in substrate
binding and can be flexible, whereas βα loops are gener-
ally short, rigid and important for stability [19,20]. To the
best of our knowledge, TIM is the only dimeric
(βα)8-barrel enzyme that also employs loops between sec-
ondary structural elements to form the dimer interface
[21]. Monomerizing TIM [22], however, by deleting
seven residues from the loop β3α3 of one subunit, which
inserts into the pocket between β1α1 and β4α4 at the
active site of the other subunit, dramatically decreases kcat.
The artificial monomers of the tryptophan repressor [7],
chorismate mutase from Methanococcus jannaschii [23] and
transaldolase from E. coli [24], which have different folds,
are also less active than the parental dimer.
The association state of the purified tPRAI variants was
determined qualitatively by analytical gel filtration at 25°C.
Figure 3 presents typical elution profiles of dimeric tPRAI
and the variants H–Y∆QW and H–Y∆EW. The apparent
molecular weights of H–tPRAI and H–Y∆QW were indis-
tinguishable from those of the corresponding proteins pro-
duced without a His-tag or with the His-tag removed by
trypsin, respectively (data not shown). The apparent mol-
ecular weights of the bona fide dimer (tPRAI, Mr = 30.2 kDa;
Table 2) and monomer (ePRAI, Mr = 18.5 kDa) were sys-
tematically smaller than expected (2 × 23.04 and 21.1 kDa,
respectively), apparently because of unspecific interactions
of these proteins with the gel matrix.
These results give some insight into the interactions that
promote subunit association at about 1 µM total monomer
concentration. Thus, as judged from the apparent molecu-
lar weights presented in Table 2, it appears that the dele-
tion of Pro52 and Phe53 (tPRAI→∆; Figure 1) is already
sufficient to dissociate the dimer. Filling the pocket com-
pletely by the substitutions Ala25→Tyr and Ile101→Trp
and simultaneously replacing Phe55 with glutamine
(∆→H–Y∆QW) results in a variant that is in equilibrium
between monomers and the dimer. Replacing Phe55 with
glutamate (H–Y∆QW→H–Y∆EW), however, strongly
inhibits association of the monomers. 
To characterize the association state of the tPRAI variants
more precisely, sedimentation equilibrium ultracentrifuga-
tion runs were performed at 20°C with various protein con-
centrations. Independent of the protein concentration, the
molecular weight was 24 ± 1 kDa for H–Y∆EW (Figure 4),
which agrees with the calculated value (25.1 kDa) of the
monomer (Table 2). Sedimentation velocity measurements
gave a sedimentation coefficient of S20,W = 2.3 S (data not
shown). In contrast, the weight-average molecular weight
of H–Y∆QW increased with increasing protein concentra-
tion (Figure 4). Sedimentation velocity runs at 20 µM
protein concentration gave an S20,W value of 3.5 S, which is
significantly larger than that of H–Y∆EW. Thus, the sedi-
mentation studies confirm that H–Y∆QW is in rapid equi-
librium between the dimer and monomers (M2 2M).
The experimentally determined weight-average molecu-
lar weights (MW) allow the calculation of the value of the
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Table 1
Enzyme kinetic constants of tPRAI, its variants and of ePRAI.
Proteins* Designation kcat (s–1) KMPRA (µM) kcat/KMPRA
(µM–1s–1)
tPRAI tPRAI 3.7 0.28 13.3
tPRAI variants
Deletion 52-PF-53 ∆ 3.5 0.30 11.7
His-tagged H–Y∆QW 3.1 0.26 11.9
A25Y/∆/F55Q/I110W
His-tagged H–Y∆EW 3.8 0.34 11.2
A25Y/∆/F55E/I110W
ePRAI ePRAI 34.5 12.2 2.8
Analysis of entire progress curves recorded at 25°C in 50 mM Tris/HCl
pH 7.5, containing 4 mM K2MgEDTA and 2 mM DTT [8]. *Sequence
changes described in the text and depicted schematically in Figure 1.
Figure 3
Gel filtration of the wild-type tPRAI and the variants H–Y∆EW and
H–Y∆QW. Staggered superposition of the elution profiles from gel
filtration runs on a calibrated Superose 12 column at 25°C in 50 mM
potassium phosphate, pH 7.5. The protein was detected by its
absorbance at 280 nm. The total monomer concentration in the protein
peaks was ~1 µM.
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equilibrium dissociation constant Kd at each protein con-
centration using equations 1 and 2 [25]:
Kd = [M]2/[M2] = 2α2[M0]/(1–α) (1)
α = (MD–MW)/MM (2)
where [M] and [M2] are the equilibrium concentrations of
the monomer and dimer, respectively, [M0] is the total
monomer concentration; α is the degree of dissociation;
and MD and MM are the calculated molecular weights of
dimer and monomer, respectively. At 20°C, the lower limit
of Kd for H–Y∆EW is in the millimolar range (Table 2). In
contrast, the data on H–Y∆QW in Figure 4 yields the
average value Kd = 5 µM, and similar measurements with
∆ (data not shown) led to a value of Kd ~ 400 µM.
Although the dramatic effect of deleting residues Pro52
and Phe53 on the association of ∆ monomers demon-
strated the important role of loop α2β3 for dimerization,
the additional Ala25→Tyr, Ile101→Trp and Phe55→Gln
substitutions in the H–Y∆QW variant partially reversed
the effect. This observation suggests that partial repacking
of the empty pocket permits novel interactions in the
interface of H–Y∆QW dimers (see Figure 1). In contrast,
the negative charge introduced into the interface by sub-
stitution of Phe55→Glu instead of Phe55→Gln inhibited
the association of H–Y∆EW monomers even further, pre-
sumably because of electrostatic repulsion between the
adjacent Glu55 sidechains (Figure 2a).
Deleting the interdigitating loop β3α3 of TIM or introduc-
ing bulky, charged residues (Thr75→Arg, Gly76→Glu) at
the tip of that loop led to a similar dissociation of the TIM
dimer ([26] and references therein). The interface loops
β1α1 and β4α4 of one TIM subunit, which carry the cat-
alytic residues Lys13 and His95, respectively, are, however,
rigidified by reciprocally interacting with the β3α3 loop of
the other subunit. It is therefore not surprising that these
monomeric variants of TIM are catalytically impaired.
As temperatures of ~80°C were used in the thermal inacti-
vation measurements described below, it was necessary to
know how Kd depends on temperature. The weight-average
molecular weight of H–Y∆QW was determined using sedi-
mentation equilibrium ultracentrifugation at 6°C, 34°C and
38°C for the same protein concentrations as used at 20°C in
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Table 2
Dimer dissociation behaviour and thermostabilities of tPRAI and its variants.
Gel filtration (25°C) Sedimentation equilibrium (20°C) Thermal inactivation¶ (85°C)
Proteins* Mrcalc† (kDa) Mrobs‡ (kDa) Mrobs§ (kDa) Kd# (µM) Half-life (min)
tPRAI 23.04 30.2 49.6 <10–5 310
tPRAI variants
∆ 22.80 17.0 24.2 >102 3
H–Y∆QW 25.10 21.7 – 5 5
H–Y∆EW 25.10 17.0 24.0 >103 5
ePRAI¥ 21.10 18.5 23.0 nd nd
*Sequence changes described in the text, defined in Table 1, and
depicted schematically in Figure 1. †Calculated Mr for the monomer.
‡Apparent Mr values at 25°C and 1 µM eluted total monomer
concentration (see Figure 3). §Mr of predominant species at 20°C and
4 µM initial total monomer concentration. #Dissociation constant Kd,
determined using equations 1 and 2. ¶Exponential decrease of vmax
characterized by t1/2 at 0.5 µM total monomer concentration (Figure 5).
nd, not determined. ¥[13].
Figure 4
H–Y∆EW is a monomer and H–Y∆QW a reversibly dissociating dimer.
Dependence of the weight-average molecular weights on protein
concentration. Weight-average molecular weights determined from
equilibrium ultracentrifugation runs of H–Y∆EW (n) and H–Y∆QW (l)
at 20°C in 50 mM potassium phosphate, pH 7.5. The solid line gives
the curve calculated with Kd = 5.2 µM by using equations 4 and 5. The
dashed lines indicate the molecular weights of the monomer (25 kDa)
and dimer (50 kDa).
st8306.qxd  03/22/2000  11:33  Page 269
Figure 4 (data not shown). The average Kd values at the
respective temperatures were 5.5, 19.8 and 26.3 µM. When
extrapolated using a van’t Hoff plot (data not shown), the Kd
values were 96 ± 10 µM at 75°C and 138 ± 10 µM at 85°C.
Assuming that the wild-type tPRAI dimer is as tightly asso-
ciated at 20°C as the TIM dimer (Kd = 10–11 M [27]; Table
2), even a 100-fold increase of Kd at 85°C could not dissoci-
ate tPRAI significantly at this temperature.
It was not feasible to determine the stability of tPRAI and
its variants by reversible unfolding in guanidinium chlo-
ride because these proteins unfold slowly and aggregate in
the unfolding transition region [8]. The stabilities of the
tPRAI variants ∆, H–Y∆QW and H–Y∆EW were therefore
compared with that of the parental dimer by measuring
the kinetics of irreversible thermal inactivation (Table 2;
Figure 5). The maximal velocities (υmax = kcat[M0])
decreased exponentially with incubation time at 85°C
(Figure 5a). KMPRA of the heated samples was determined
at 25°C as an internal control (Figure 5b), and the invari-
ability of the KMPRA values confirms that the residual
activity in the heated and centrifuged supernatants was
due to the presence of native enzyme. At 85°C, a temper-
ature at which all variants are presumed to be monomeric,
∆, H–Y∆QW and H–Y∆EW decay about 100-fold more
rapidly than the dimeric tPRAI (Table 2). The
monomeric variants would therefore be too unstable to
sustain tryptophan biosynthesis at the optimum growth
temperature of T. maritima.
The half-lives of irreversible thermal inactivation of both
tPRAI and H–Y∆EW were independent of changes in
protein concentration (data not shown), but the half-life of
H–Y∆QW increased with increasing protein concentration.
To assess the contribution of dimerization to the ther-
mostability of H–Y∆QW, the dependence of its half-life at
75°C on protein concentration was determined, as shown
in Figure 6. The activity decayed monoexponentially at
0.5, 7.0 and 12.0 µM total monomer concentration
(Figure 6a), and the corresponding half-lives of irre-
versible thermal denaturation increased to 50, 66 and
75 minutes, respectively. Again, the KMPRA values of the
surviving proteins at all three protein concentrations were
constant over time (data not shown). Because the activity
measurements were strongly affected by aggregation at
protein concentrations higher than 20 µM, the progress of
the reaction at a total monomer concentration of 41 µM
was monitored for only the first 10 minutes (data not
shown). Assuming a monoexponential decay, the initial
velocity of heat inactivation corresponds to a half-life of
83.5 minutes at 75°C. As a control, the irreversible heat
inactivation of H–Y∆QW at 0.5 µM concentration was
measured in the presence of 11.5 µM monomer concentra-
tion of a catalytically inactive, dimeric variant of tPRAI,
which contains the double replacements Asp126→Asn
and Cys7→Ala [28]. The half-life was again 50 minutes
(data not shown), thus proving that the increase in stabil-
ity is not due to an unspecific effect of protein concentra-
tion, but rather to an increasing fraction of dimers. The
observed half-lives of thermal inactivation of H–Y∆QW
increase in proportion to the calculated fraction of dimers
(Figure 6b), showing that dimerization significantly stabi-
lizes this variant. It is most likely that the monomer of the
wild-type tPRAI is stabilized in a similar fashion.
Because there is a clear correlation between the fraction of
dimers and thermostability, the denaturation of the dimers
of H–Y∆QW and tPRAI seems to follow the mechanism
established previously for TIM from human [29] and
rabbit muscle [27]:
kd ku
M2 2M 2U (3)
kr kf
The TIM dimer M2 first dissociates reversibly to native
monomers M with the dissociation rate constant kd; kr is
the recombination rate constant. The monomer M then
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Figure 5
Irreversible thermal inactivation of tPRAI variants at 85°C. The proteins
were incubated at a total monomer concentration of 0.5 µM in 50 mM
potassium phosphate, pH 7.0, 2 mM EDTA and 1 mM DTT. Samples
were taken after the indicated time intervals, chilled on ice, centrifuged
and assayed for residual enzyme activity. Kinetic constants of samples
were determined at 25°C by analyzing complete progress curves as in
Table 1. (a) Exponential decay of vmax values. Half-lives were 310 min for
tPRAI (n), 3 min for ∆ (u), 5 min for Y∆EW (s) and 5 min for Y∆QW
(l). (b) KMPRA values: tPRAI (n), ∆ (u), Y∆EW (s), Y∆QW (m). 
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unfolds reversibly to the unfolded state U with the unfold-
ing rate constant ku; kf is the folding rate constant. The
rate-limiting step in the overall unfolding of TIM dimers
[27] is the dissociation of dimers to monomers (kd).
Monomers do not accumulate because ku is much larger
than kd. In contrast to TIM, the unfolding of tPRAI leads
irreversibly to aggregates, which requires the additional
step (nU→A). The ~50-fold larger average rate of denatu-
ration of the monomeric variants of tPRAI at 85°C (see
Table 2; ku = ln 2/t1/2 = 0.69/300s = 2.3 × 10–3 s–1) than the
rate of denaturation of dimeric tPRAI (kd = 0.69/1.86 × 104
s = 3.7 × 10–5 s–1) is consistent with the above unfolding
mechanism of TIM; that is, the dissociated monomer of
native tPRAI might be as thermostable as the engineered
monomeric variants described here. Moreover, assuming a
range of values for kr at 85°C, namely 106 < kr < 108 M–1 s–1,
which is reasonable for recombination rate constants of pro-
teins [27], the likely range of values for the thermodynamic
dissociation constant of tPRAI (Kd = kd/kr), which is based
on kd = 3.7 × 10–5 s–1 (10–11 < Kd < 10–13 M), is similar to
that estimated for TIM [27]. 
The first monomeric variant of TIM, ‘monoTIM’ [26],
was found to be as stable as the TIM dimer, but was much
less active. Further mutational and structural studies
[30,31] showed that loops β1α1 and β4α4 in the active site
had different orientations in monoTIM than those in the
parental dimer, apparently because they were no longer
buttressed by the deleted loop β3α3 of the other subunit.
MonoTIM is therefore not a good model of the
monomeric state of the parental TIM subunit. In contrast,
several variants with single amino acid replacements in
the interface loop β3α3 of trypanosomal [26] or human
[29] TIM depend on the dimeric state for both stability
and activity, suggesting that the monomeric state of the
TIM subunit is much less stable than the dimeric state.
The relative stabilities of monomers and dimers of tPRAI
and TIM are therefore qualitatively similar, although the
dimer interfaces are quite different.
The X-ray structure of the Y∆EW variant
It is important to determine the structure of genetically
modified proteins to provide an unequivocal basis for
interpreting the differences between the variant and
parental proteins that affect both function and stability.
For example, several monomeric variants of TIM have
been examined in this manner [31]. In the case of the
N-terminally His-tagged monomer of tPRAI (H–Y∆EW,
Table 1) we wanted to avoid possible interference of the
His-tag with crystallization, and therefore we removed
most of the His-tag by digestion with trypsin. The result-
ing protein (Y∆EW) was purified using anion-exchange
chromatography. Crystals of the protein were obtained
under conditions that differ from those used to crystallize
tPRAI [15]. The rod-shaped crystals diffracted to at least
2.7 Å resolution (Table 3), and belong to the orthorhombic
space group P21212, with cell dimensions a = 90.62 Å,
b = 94.59 Å, c = 46.27 Å. 
Two molecules (A and B) of Y∆EW form the asymmetric
unit. Molecules A and B are related by a local twofold axis
and have only water-mediated contacts. The overall fold
of Y∆EW is nearly identical to that of wild-type tPRAI,
with an rms deviation of 0.85 Å for 179 structurally equiv-
alent Cα atoms out of 205 (data not shown). In the final
structure, parts of the loop β6α6 corresponding to
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Figure 6
H–Y∆QW is stabilized by dimerization. Thermal inactivation of
H–Y∆QW at various protein concentrations. The protein was
incubated at 75°C in 50 mM potassium phosphate pH 7.0, 2 mM
EDTA, 1 mM DTT at concentrations of 0.5, 7 and 12 µM. Samples
were taken after the indicated time intervals and chilled on ice. Kinetic
constants of centrifuged samples were determined at 25°C by
analyzing complete progress curves as in Table 1. (a) Residual vmax
values: filled symbols (n for 0.5 µM, s for 7 µM, l for 12 µM). The
lines represent fits of the data points to mono-exponential decays:
0.5 µM (......), 7 µM (——) and 12 µM (____), giving half lives of 50 min,
66 min and 75 min, respectively. (b) The fraction of dimer (____) and the
half-lives of H–Y∆QW (l) as a function of protein concentration at
75°C. The dimer fraction was calculated with the extrapolated Kd value
of 96 µM, using the expression: fD = 2•[M2]/[M0], where [M2] is given
by equation 5 and [M0] is the total monomer concentration. 
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residues 127 and 140 in molecule A and to residues 
127–137 in molecule B show no interpretable electron
density, which is similar to what has been observed for
the parental dimer [15]. Moreover, no electron density
corresponding to the N-terminal residues Gly–3Ser–2His–1
of Y∆EW was detectable. The Ramachandran plot shows
no unusual dihedral angles for residues in loop α2β3,
indicating that the deletion of Pro52 and Phe53 has not
introduced great strain into this region (Table 3).
Comparison of interfaces
The crystal contacts of the monomeric TIM variant,
monoTIM are very different from the subunit–subunit
interactions in the parental dimer [32]. In contrast to
monoTIM, the crystal contacts between the asymmetric
AB units of Y∆EW (Figure 2c) are very similar to those of
the dimer interface of tPRAI (Figure 2a). Not only are the
twofold symmetry axis and the distance between the
equivalent internal layers of the central β barrel [16] pre-
served, but the pair of intersubunit salt bridges between
Glu49–Arg152′ and Glu49′–Arg152, and the hydrophobic
cluster formed by the terminal Met1, Met1′, Leu205 and
Leu205′ residues are also preserved (not shown in Figure
2c). Apparently, the high ionic strength (1.5 M sodium
potassium phosphate) of the crystallization buffer stabi-
lizes the remaining native hydrophobic interactions.
Moreover, the preserved terminal hydrophobic cluster and
the salt bridges appear to ensure the same orientation of
this crystal contact, as is  observed in the parental dimer. 
The replacement Phe55→Glu in Y∆EW introduces a neg-
atively charged carboxyl group, which is located in the
plane of the former phenyl ring of Phe55 (Figure 2a,c).
The symmetrically related carboxyl groups of Glu55 and
Glu55′ have a distance of 3.8 Å, and therefore discourage
association of the monomers in solution by electrostatic
repulsion (see Table 2). Introducing a charge at the inter-
face was also shown to be a strong force for dimer dissocia-
tion for TIM [26] and tyrosyl-tRNA synthetase [33]. The
negative charge of Glu55 in Y∆EW is partially compen-
sated by a water-mediated salt bridge to the sidechain of
Arg56, which is shifted closer towards Glu55 compared
with its distance from Phe55 in the wild-type structure. In
wild-type tPRAI, the sidechain of Arg56 is involved in an
intramolecular network of hydrogen bonds that supports
the interdigitating loop α2β3 [15]. This extensive network
is destroyed in the Y∆EW variant because of the deletion
of Pro52 and Phe53, leading to the reorientation of Arg56.
The carbonyl oxygen of Pro51 forms a new hydrogen bond
to the hydroxyl group of the newly introduced Tyr25′ of
the adjacent subunit in the crystal contact. 
The original pocket of the parental tPRAI subunit is filled
by the two newly introduced bulky and hydrophobic
residues; this is exactly as it is in the monomer of ePRAI.
The sidechain of Tyr25 is located at the original position
of Phe53′, and the sidechain of Trp101 is located at the
original position of Pro52′ (Figure 2a,c). The deletion of
residues Pro52 and Phe53 in Y∆EW causes the reduction
of hydrophobic interactions within the crystal contact. Cal-
culations using the program DSSP [34] showed that
900 Å2 of the buried surface area per subunit of wild-type
tPRAI is hydrophobic and 550 Å2 are hydrophilic. The
dimer interface of TIM, however, comprises about
1000 Å2 of hydrophobic and 600 Å2 of hydrophilic buried
surface area [21]. In contrast, the hydrophobic surface area
buried in the crystal contacts of Y∆EW is reduced to
530 Å2, because it is planar instead of undulated, whereas
the hydrophilic surface area (550 Å2) is unchanged.
Reduction of the nonpolar solvent-accessible surface area is
thought to be the main driving force for oligomerization in
general [6,35]. Strong hydrophobic interactions were found
in the interfaces of several other oligomeric thermostable
proteins [21,36,37]. The effect of reducing the nonpolar
accessible surface area on the strength of protein–protein
interactions was calculated as being a free energy gain of
–15 cal/mol for the burial of 1Å2 of hydrophobic surface
[38]. Thus, the reduction of the hydrophobic surface area
by 370 Å2 in the crystal contact of Y∆EW, in comparison to
the tPRAI dimer, clearly explains the shift of the equilib-
rium towards the monomeric species in solution (equation
3), with the loss of approximately –6 kcal/mol free energy.
Assuming that the crystal contact between Y∆EW mimics
the dimer interface of H–Y∆QW, this could explain why
the dimer of H–Y∆QW dissociates and therefore denatures
far faster at 75°C (t1/2 = 180 min at fD = 1.0; Figure 6b) than
tPRAI (t1/2 = 5300 min, obtained by extrapolating previous
inactivation measurements [8]). Thus, this observation
reinforces the importance of hydrophobic interactions for
the dimerization and stability of tPRAI.
Implications for dimer evolution
We propose that the evolution of dimeric tPRAI from a
monomeric precursor [6] occurred through an initial
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Table 3
X-ray data and refinement statistics.
Measured reflections 51,809
Unique reflections 11,375
Resolution range (Å) 20.0–2.70
Rsym* (resolution range 2.8–2.7 Å) 0.076 (0.317)
Completeness (resolution range 2.8–2.7 Å) (%) 99.2 (98.7)
Number of protein atoms 3086
Number of water molecules 36
Number of phosphate molecules 2
Rms distances (1–2, Å) 0.007
Rms bond angles (°) 1.5
Residues with most favoured φ,ψ angles (%) 90.1
Residues with disallowed φ,ψ angles (%) 0.0
R factor (20.0–2.7 Å, work data) 0.175
R factor (20.0–2.7 Å, test data) 0.282
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‘sticky billard ball’ interaction [39]. Because the crystal con-
tacts between the monomers of Y∆EW closely resemble
those at the dimer interface of tPRAI, in both proximity and
orientation, Figure 2c is an appropriate model of the dimer
interfaces of both the weakly dimerizing variants ∆ and
Y∆QW (Figure 1). The variant ∆ is a particularly attractive
model of a monomeric precursor. This is because it is a
stable protein that can associate by twofold-related
hydrophobic interactions between the pairs Pro51–Tyr153′,
Val54–Arg3′ and Phe55–Phe55′, the twofold-related salt
bridges Glu49–Arg152′ and Glu49′–Arg152 as well as the
quadruple hydrophobic cluster of Met1, Leu205, Met1′
and Leu205′ ([15]; not shown in Figure 2c). Moreover, this
model of the putative ∆ dimer interface explains how the
insertion of Pro52–Phe53, for example, by tandem DNA
sequence duplication [40], into the appropriate position of
the loop α2β3, could strengthen the association of the
monomers. In support of this hypothesis, the trpF gene of
T. maritima [41] contains an unusual hexanucleotide
repeat (CCTCCTTTCGTTTTTCGTGTG; the repeat is
italicized, and codes for 51-ProProPheValPheArgVal-57),
including the codons of Pro52 and Phe53. Strikingly,
further tandem repeats of six or more bases are not found
elsewhere in the sequence of the trpF gene of T. maritima.
Moreover, a similar hexanucleotide repeat is found in the
trpF gene of Haloferax volcanii (TTCGCCGCCGCGCCGC-
CGTTC; the repeat is italicized and codes for 59-PheAla-
AlaAlaProProPhe-65 [42]), where AlaProProPhe aligns
with the residues LeuProProPhe of the loop α2β3 of
tPRAI. Again, similar tandem repeats are not found else-
where in the trpF gene of H. volcanii. The quaternary
structure of this orthologous protein, however, is not
known. These observations do not prove, but are consis-
tent with, the hypothesis that the tPRAI dimer has
evolved from a weakly associating, monomeric precursor
by an internal sequence duplication. The structure of a
sulfonamide-resistant variant of dihydropteroate synthase
from Staphylococcus aureus, a dimer of (βα)8-barrel sub-
units [43], is a supporting example of the tandem dupli-
cation of two amino acid residues (Lys256–Glu257) by
triplet expansion [40].
Biological implications
The assembly of identical subunits to noncovalently asso-
ciated oligomers is thought to ensure their survival in
hyperthermophiles. To test this idea, we have used
protein engineering to convert the subunits of a dimeric
enzyme from Thermotoga maritima to nonassociating
monomers. The complementary, associating surfaces of
the subunits lie opposite their active sites and their con-
version to monomers has no effect on catalytic efficiency.
In the parental dimer, an apolar pocket and a protruding
surface loop of each subunit interlock reciprocally in the
manner of socket and plug. Using the monomeric struc-
ture of the same enzyme from Escherichia coli as a
model, we first shortened the surface loop, which already
strongly decreased the association of the subunits. We
then decreased the accessible apolar contact area by
filling the adjacent pocket with bulky apolar sidechains
and eliminating another hydrophobic interaction in the
centre of the dimer interface. At low concentrations, this
monomeric variant was far less thermostable than the
parental dimer, but was stabilized by dimerization at
very high protein concentrations. Thus, protein stability
and not catalytic efficiency was the selected trait in the
evolution of this dimer. In the crystals used for checking
the structure a crystal contact between two such
monomers mimics the parental dimer interface perfectly
in terms of proximity and orientation. Thus, the dimer
may have evolved from a monomeric precursor that had
the apolar pocket but lacked the interlocking surface
loop. A hexanucleotide repeat in the gene sequence
encoding the loop supports the idea that the dimeric form
evolved by tandem DNA sequence duplication of six
base pairs encoding a segment of the original surface
loop.
Materials and methods
Preparation of DNA, digestion with restriction endonucleases and DNA
ligation were performed as described by Sambrook et al. [44]. Oligonu-
cleotides were purchased from Microsyn (Windisch, Switzerland). DNA
was amplified by PCR, using cloned Pfu polymerase (Stratagene, Heidel-
berg, Germany). DNA sequences were determined by using an ABI 373
stretch sequencer as described previously [41]. The expression vectors
pET15b and pET11c were purchased from Novagen (Madison, USA).
Construction
Point mutations were introduced by megaprimer PCR according to
Sarkar and Sommer [17], using the plasmid pET11c-ttrpF [28] as a tem-
plate. In the first step, the megaprimer was produced by PCR, using the
P(mut) primer, which carries the desired point mutations, and the primer
P1 at the 5′-end of the gene. The resulting megaprimer was purified with
a 1.2% low-melting agarose gel and used in the second PCR reaction,
in combination with primer P2, located at the 3′-end of the gene, to gen-
erate the full-length insert with the introduced point mutation.
P(mut) primers were as follows: for the Ala25Tyr point mutation,
5′-CGAATCCCACGTAGTCAGCACCAC-3′; for the deletion of
Phe52Phe53 (∆), 5′-CGAAAAACAGGGAGCTCAACAGAA-3′; for
the Phe55Gln point mutation, 5′-CCCCACGCGTTGAACAGGG-3′;
for the Phe55Glu point mutation, 5′-CCCCCACGCGTTCAACAGG-
3′; for the Ile101Trp point mutation, 5′-GAGAGAATACTAGTGTG-
GAAAGCA-3′. Restriction sites were introduced simultaneously to
facilitate the identification of correct clones. The additional BsaAI,
SacI, MluI, MluI and SpeI cleavage sites are italicized, respectively.
The oligonucleotides 5′ TGTGGCGCCGGTGATGC 3′ and 5′
GCTTCCTTTCGGGCTTTGTTA 3′ were used as P1 and P2 primers,
respectively. P1 and P2 were used in reverse order for the Ile101Trp
mutation. The annealing temperature was set to 58°C for the
Phe55Glu mutation in the first PCR reaction, and to 55°C for all other
PCR reactions. The resulting full-length PCR products were digested
with the restriction enzymes NdeI and BamHI and ligated into the
vector pET15b or pET11c. The mutations were introduced step-by-
step, resulting in the plasmids pET15b-ttrpF(A25Y/∆/F55Q/I101W),
pET15b-ttrpF(A25Y/∆/F55E/I101W) and pET11c-ttrpF(∆). The
correct sequence of all mutants was confirmed by non-radioactive
DNA sequencing.
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Purification of tPRAI variants
Cells of the E. coli strain BL21(DE3) harbouring the plasmids pET15b-
ttrpF(A25Y/∆/F55Q/I101W), pET15b-ttrpF(A25Y/∆/F55E/I101W) or
pET11c-ttrpF(∆) were grown at 37°C in LB medium, supplemented
with 0.15 mg/ml ampicillin, for 12–15 h to OD600 = 2.0–3.1. The sus-
pension was centrifuged and about 2–4 g cells (wet weight) were
obtained per 1 l culture. The cells were lysed by sonification as
described by Sterner et al. [8]. The supernatant of the centrifuged cell
homogenate (20,000 g, 4°C, 60 min) was heated to remove E. coli
host proteins for 12 min at 65°C for the variants with a His-tag, and for
12 min at 70°C for the variants without, and centrifuged again.
For the variants carrying a His-tag, the supernatant of the heat step
was loaded on a Ni2+-IDA Sepharose column (Pharmacia, 1.6 × 16 cm)
that was equilibrated with 50 mM potassium phosphate pH 7.5, con-
taining 300 mM NaCl and 15 mM imidazole. The column was washed
with equilibrium buffer, and bound protein was eluted with seven
column volumes of a linear gradient from 15 mM to 500 mM imidazole
in equilibrium buffer. Fractions with the highest specific PRAI activity
[45] were pooled. 0.6 mg of variant H–Y∆EW and 1.3 mg of H–Y∆QW
were obtained per gram of wet cell mass.
The N-terminal His-tag was removed up to residues G–3S–2H–1 by
trypsinolysis of H–Y∆EW. Trypsin was added (1:50 w/w) to H–Y∆EW
in 10 mM Tris/HCl, pH 8.0 and incubated at 22°C for 30 min. The
protein solution was loaded onto a strong anion-exchange column
(Poros HQ20; 0.1 × 10 cm) that was equilibrated with 10 mM Tris/HCl,
pH 8.0. The column was washed with equilibrium buffer, and bound
proteins were eluted with ten column volumes of a linear gradient from
0 mM to 500 mM NaCl. Fractions containing His-tag free Y∆EW were
identified by SDS–PAGE and pooled. 
For the variant ∆ that lacks a His-tag, the supernatant of the heat step
was dialysed against 10 mM Tris/HCl, pH 8.0, 2 mM EDTA and 1 mM
DTT and loaded onto the same strong anion-exchange column HQ20
as described above. Bound proteins were eluted with 40 column
volumes of a linear gradient from 0 to 500 mM NaCl. The eluted frac-
tions were analyzed by SDS–PAGE and activity measurements. The
pooled fractions were further purified on a Superose-12 column (Phar-
macia; 1 cm × 30 cm) that was equilibrated with 50 mM potassium
phosphate pH 7.5, 300 mM NaCl, 1 mM EDTA, 1 mM DTT. Fractions
with the highest specific activity were pooled. 3 mg of ∆ were
obtained per gram of wet cell mass. The buffer of the pooled fractions
of all tPRAI variants were changed to 20 mM potassium phosphate
pH 7.5, 1 mM DTT and 1 mM EDTA by dialysis. The protein solutions
were than concentrated by ultrafiltration, and shock-frozen in liquid
nitrogen. Wild-type tPRAI and ∆ have molar extinction coefficients of
ε280 = 14700 M–1 cm–1 per monomer (0.1%A280 = 0.64 cm2 mg–1 [8]).
The calculated values [46] of H–Y∆QW and H–Y∆EW
(ε280 = 22920 M–1 cm–1; 0.1%A280 = 0.91 cm2 mg–1) are larger than
those of the parental protein, because of the additional aromatic
residues Tyr25 and Trp101.
Crystallization
Mixing equal volumes of Y∆EW protein solution (16.7 mg/ml in 20 mM
potassium phosphate pH 7.5, 1 mM EDTA and 0.5 mM DTT) and
reservoir solution (0.75 M potassium dihydrogen phosphate and
0.75 M sodium dihydrogen phosphate buffered with 0.1 M
Hepes/NaOH at pH 7.5) yielded plate-like crystals of Y∆EW by vapour
diffusion after one week at room temperature, with a size of
0.4 × 0.3 × 0.05 mm3.
Data collection and structure determination
The crystal was mounted in glass capillaries and a complete data set
was measured from a single crystal at room temperature, by using a
rotating-anode generator and MARRESEARCH imaging plate detec-
tor. The data set was analyzed with DENZO [47]. The data are 99.2%
complete in the resolution range 20.0–2.70 Å. The phases were
derived by molecular replacement using AMoRe [48] and the refined
structure of wild-type tPRAI (PDB entry 1NSJ [15]). The rotation
search gave two clear solutions. Subsequently, one solution was
used for a translation search, which gave an R factor of 50.2% for the
best solution. The second molecule was located by a translation
search, using the second-best rotation function solution, and the first
molecule fixed. The correctly positioned molecules were refined as
rigid entities by using reflections in the resolution range 10.0–3.5 Å
and the program X-PLOR [49]. This procedure reduced the R factor
to 38.2%. Positional and temperature-factor refinement, using strict
noncrystallographic symmetry constraints, reduced the R factor to
24.3% (Rfree = 30.6%), encompassing all reflections in the resolution
range of 20.0–2.7 Å. After manual rebuilding of the molecule and
release of the noncrystallographic symmetry constraints, the structure
was refined to a final R factor of 17.5%. Quality parameters are sum-
marized in Table 3.
Analytical methods
Purification of the tPRAI variants was checked by electrophoresis on
12.5% SDS polyacrylamide gels [50] and staining with Coomassie
blue. Fluorescence measurements were performed with a Hitachi
F-4500 fluorescence spectrophotometer thermostated at 25°C. Gel fil-
tration analysis was performed with a flow rate of 0.5 ml/min on a
Superose 12 column (Pharmacia: 1 cm × 30 cm) equilibrated with
50 mM potassium phosphate pH 7.5, 0.3 M NaCl, 1 mM EDTA and
1 mM DTT. The column was calibrated by chromatography of
cytochrome c (12.4 kDa), lactalbumin (14 kDa), ovalbumin (44 kDa)
and bovine serum albumin (66.3 kDa). Apparent molecular weights
were interpolated from the linear dependence of Kav = (Ve–V0)/(Vt–V0)
on log Mr. Sedimentation equilibrium runs with tPRAI variants were per-
formed at 20°C–38°C in 50 mM potassium phosphate pH 7.5, contain-
ing 1 mM EDTA, 1 mM DTT and 100 mM potassium chloride, using a
Beckman analytical ultracentrifuge (model Optima XLA) equipped with
absorption optics. The protein concentration range was 6–60 µM.
Scans were performed at 18,000 rpm, and the absorption was fol-
lowed at 234 or 278 nm. Molecular weights were calculated using a
floating baseline computer program that adjusts the baseline
absorbance (A) in order to obtain the best linear fit of lnA versus the
square of the radial distance (r2). At 20°C, the assumed partial specific
volume was 0.73 ml/g, the measured buffer density was 1.012 g/ml
and the buffer viscosity was 1.05 centipoise. Sedimentation velocity
runs were performed at 20°C, 56,000 rpm in a 12 mm double sector
Epon-made cell.
Theoretical curves of weight-average molecular weight (MW) as a func-
tion of protein concentration of H–Y∆QW (Figure 4) were calculated
using the following equations:
(4)
where the dimer concentration is given by:
(5)
and the monomer concentration by:
[M] = [M0] – 2[M2] (6)
[M0] is the total protein concentration of monomer, Kd is the equilibrium
dissociation constant (equation 1) and MM is the molecular weight of
monomer (25.1 kDa).
Steady-state enzyme kinetics and stability measurements
Steady-state enzyme kinetics and kinetics of irreversible heat inactiva-
tion were performed as described by Sterner et al. [8]. In the irre-
versible heat inactivation experiments the final protein concentrations
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were between 0.5 and 41 µM. The residual activity of the samples
taken after different time intervals was determined by recording entire
progress curves of the enzyme-catalyzed reaction at 25°C. In the
presence of 11.5 µM catalytically inactive double mutant
Asp126→Asn/Cys7→Ala of tPRAI [28], the residual activity of
H–Y∆QW was determined by recording the initial velocity.
The residual activity (vmax = kcat•[Etotal,t]) that is directly proportional to
the concentration of native enzyme ([E0]) was fitted to a mono-expo-
nential equation:
(7)
where kobs is the apparent rate constant of thermal denaturation.
The half-life of denaturation is:
(8)
Accession numbers
The coordinates for monomeric tPRAI have been deposited with the
PDB (entry code 1DL3).
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